It is unresolved as to whether fungi that share a common skin habitat might in principal interact. In in vitro screening tests with Candida albicans, Trichophytum rubrum and other common dermatophytes, we found C. albicans releases volatile compounds that inhibit growth of the dermatophytes. By applying (enantioselective) gas chromatography combined with mass spectrometry we identified 8 compounds among which stereochemically pure (3R,6E)-2,3-dihydrofarnesol (R-DHF) and (2E,6E)-farnesol (F-ol) were the main components. Synthetic R-DHF and its enantiomer, (3S,6E)-2,3-dihydrofarnesol (S-DHF), as well as F-ol were tested for their capacity to inhibit growth of dermatophytes in microtiter-plate assays over 62 h. All three compounds showed significant and concentration-dependent, to a certain extent even species-specific, inhibitory effects on T. rubrum, T. mentagrophytes, Microsporum canis and Epidermophyton floccosum. In general, S-DHF and F-ol had a pronounced effect on the dermatophytes, similar to or even stronger than that of fluconazole. E. floccosum was completely suppressed by 12.5 μg/ml dihydrofarnesol, as was the inhibition caused by 50 μg/ml fluconazole. Similarly, S-DHFwas more active against T. rubrum than fluconazole. To the best of our knowledge, 2,3-dihydrofarnesol has not yet been described as a volatile generated by microorganisms, and its inhibitory effect on dermatophytes is new to science. However, the relevance of this compound in interfungal interference in situ is unknown. In contrast, farnesol is a well-known semiochemical of C. albicans with intraspecific effects and a clear impact on other microorganisms. Mutual intermicrobial communication based on fungal volatiles therefore appears to be an exciting field for future investigations.
Introduction
Dermatophytes are highly specialized hyphomycetes and the causal agents of superficial human skin infections (tinea), which account for a large share of all infections observed worldwide. In Germany, dermatophytes isolated from tinea lesions primarily belong to Trichophyton rubrum, T. mentagrophytes and Microsporum canis. However, tinea lesions not only harbor dermatophytes but are usually concomitantly colonized by other microorganisms, which may cause interspecific interactions. Dermatophytes can produce antibiotics, toxins and substances triggering cooperative (CAMP-like) haemolytic reactions [1] , but the relevance of these properties is still unexplored. On the other hand, nearly nothing is known about substances released by associated or accompanying microorganisms that may interfere with dermatophyte development in tinea.
In this context it should be noted that in intertriginous tinea the concomitant presence of a dermatophyte and C. albicans is not unusual.
In the present paper we investigated the effect of C. albicans on dermatophytes, tackling the potential interactions at three different levels. First, we examined whether C. albicans can emit volatile compounds capable of affecting the growth of dermatophytes. After establishing that such substances were in fact released by C. albicans under appropriate conditions, the chemical structures of the main volatiles were then elucidated. Subsequently, these candidate compounds were synthesized and tested for their impact on the growth of dermatophytes in vitro with fluconazole serving as a reference.
Material and methods

Screening for volatile compounds released by C. albicans that interfere with the growth of dermatophytes
Screening assays were performed with C. albicans and a dermatophyte in shared Petri dishes, provided with airtight seals. All fungal strains used in our study were stored in a Microbank TM freezer storagebox (Alere, Neston, UK) at − 80
• C for future investigations. The bottom pan of a Petri dish (Sarstedt, Nümbrecht, Germany) was filled with a nutrient agar (22 ml, various compositions were tested, see below) that was inoculated with C. albicans yeast cells. The lid of the same Petri dish was filled with 13 ml Sabouraud's glucose agar (SGA), inoculated with a suspension of dermatophyte conidia. To allow continuous microscopic observation of dermatophyte growth without opening the Petri dish, some free space (15 mm diameter) was left in the center of the agar in the bottom pan. This 'window' allowed direct viewing of the surface of the lid culture through the transparent plastic bottom of the dish. After inoculation of the agars in the bottom pan and lid, the Petri dish was closed and provided with an air tight seal of parafilm. Particular care was taken to prevent any direct contact between the dermatophyte culture in the lid of the Petri dish and the C. albicans colonies growing in its bottom pan. Volatiles, however, could freely diffuse in the air space of the sealed Petri dish. Compounds released from the organisms in the top and bottom could reach each other without hindrance.
Six typical strains of C. albicans isolated from different patients in our hospital were used for the screening experiments. Their identification was based on their morphology on rice agar, a positive germ tube test, and an unambiguous pattern in the ID 32 C assimilation test (bioMerieux, Lyon, France). All strains were grown for 4 days at 37
• C on SGA (SAB2-D, bioMerieux, Lyon, France) supplemented with penicillin 40,000 IE/L (Grünenthal GmbH, Stolberg, Germany), chloramphenicol 40 mg/l (Calbiochem, La Jolla, CA, USA), and cycloheximid 400 mg/l (AppliChem GmbH, Darmstadt, Germany). These cultures served as the source to prepare yeast suspensions in 0.85% NaCl with McFarland scale no. 5 turbidity. To inoculate the agar in the bottom of the Petri plates, the agar surfaces were evenly and entirely moistened with this yeast suspension. Subsequently, the bottom pans with the Candida-inoculated agar were incubated for 10 h at 25
• C before they were closed with the lid containing SGA inoculated with dermatophyte conidia. In addition to SGA, various agar media were tested to support the development of C. albicans in this system, including peptone agar containing 10 g peptone (Merck, Darmstadt, Germany), 20 g glucose and 20 agar agar in 1 l water; Wort agar (BD Biosciences, Sparks MD, USA); and potato-dextrose-agar (Merck, Darmstadt, Germany), all prepared according to the suppliers' instructions.
The dermatophytes used for the screening experiments were T. rubrum, T. mentagrophytes, T. terrestre and M. gypseum. For each species we selected a representative strain that produced abundant conidia, had typical morphologies and characteristic physiological features [2] . The strains were grown for 14 days at 25
• C on SGA (SAB2-D, bioMerieux, Lyon, France) supplemented with penicillin, chloramphenicol and cycloheximide as described for the yeast agar. Subsequently, the plates were flooded with a sterile solution of 0.85% NaCl, and conidia were detached from the mycelium by gently stirring the culture surface with a sterile glass rod. The resulting suspension of conidia and mycelial fragments was harvested with a pipette, and the conidia were separated by filtration of the suspension through sterile gauze compresses. The filtrate was centrifuged, the supernatant discarded, and the conidia resuspended in 0.85% NaCl and filtered again. This procedure was repeated until only conidia were noted by microscopic examination. The suspension was finally adjusted to a concentration of 10 3 conidia/μl calculated from counts in a hemocytometer (Neubauer improved counting chamber). For inoculation, 100 μl of this suspension were evenly spread out on the agar in the lid of the Petri dish. The sealed Petri dishes with a culture of C. albicans in the bottom plate and a dermatophyte culture in the lid were incubated at 25
• C, and the growth of the dermatophyte was microscopically evaluated after 24 and 48 h. This was done by inspection through the agar-free window in the bottom plate without opening the Petri dish. The percentages of conidia were determined that showed no, initial and full germination. Control assays were run with Petri dishes in which the agar in the bottom pan was inoculated with yeastfree 0.85% NaCl only and with Petri dishes in which a flat bowl with activated carbon was placed in addition to the fungal cultures to allow adsorption of volatile compounds.
Chemical analysis of volatile compounds released by C. albicans
After 48 h incubation at room temperature, volatiles generated by the C. albicans and dermatophyte in the dual cultures were trapped by solid-phase-micro-extraction (SPME) [3] . The SPME fibers (polyacrylate, white, Supelco/SigmaAldrich, Buchs, Germany) were inserted into the plenum of the dishes through a small hole that had been drilled at the side of the dishes and the fibers left in place for 2 h to allow adsorption of the volatiles. Analysis of volatiles was carried out by using a gas chromatograph 7890A (Agilent, Santa Clara, CA, USA) linked to an Agilent 5975C inert XL MSD (Agilent, Santa Clara, CA, USA). For conventional separation, a 60 m HP-5 fused silica capillary was used with helium as the carrier gas at a constant velocity of 35 cm/sec. Separation conditions were 3 min at 50
• C, then programmed to 80
• C at a rate of 3 • C/min, then to 150
• C at 5
• C/min, and finally to 300
Tentative assignments of individual compounds were based on their mass spectra reported in the libraries Wiley 9th and NIST 2008, as well as on published plotted spectra [4, 5] . Unambiguous structure elucidation was carried out by comparison of mass spectra and gas chromatographic retention indices of natural products and authentic standards. Enantioselective GC/MS was carried out by using a 25 m fused silica capillary FS-Hydrodex-β-TBDM (Macherey & Nagel, Düren, Germany), operated at 140
• C isothermal and a constant flow of 1.5 ml/min.
Synthesis of 2,3-dihydrofarnesol enantiomers
The synthesis of optically active 6E-2,3-dihydrofarnesol was carried out by enantioselective hydrogenation of commercially available (E,E)-farnesol (Sigma-Aldrich, Steinheim, Germany) using a Noyori-catalyst of the bis-(diphenylphosphino)binaphthyl-type [6, 7] . Solutions of about 400 mg (E,E)-farnesol in 5 ml methanol were hydrogenated at 170 bar during 2 h at room temperature. 
Inhibition assays
Tests were carried out with (3R,6E)-2,3-dihydrofarnesol (R-DHF) and its enantiomer, (3S,6E)-2,3-dihydrofarnesol (S-DHF), synthesized as described above and with commercially available farnesol (F-ol; Sigma-Aldrich, Steinheim, Germany). Our F-ol sample consisted of ca. 99.2% (2E, 6E)-farnesol, 0.7% (2E, 6Z)-plus (2Z, 6E)-farnesol and 0.1% (2Z, 6Z)-farnesol. Test concentrations of the applied substances ranged from 12.5-50 μg/ml. The dermatophyte species tested in these inhibition assays were T. rubrum, T. mentagrophytes, M. canis and E. floccosum. Three strains of each of these species that were recovered from human tinea and maintained in our laboratory were used in the tests. All had been identified by their typical morphology and physiological characteristics [2] .
To allow rapid evaluation of dermatophyte growth, inhibition assays were started with germinated conidia. This procedure has proved successful in investigations aimed to quantify an interference with dermatophyte growth independent of medical applications [8] . Conidia were first harvested from culture plates as described above for the screening assays and germination induced by incubating the purified conidia in Sabouraud's glucose broth (SAB B-D, bioMerieux, Lyon, France) supplemented with 40,000 units/l penicillin G and 40 mg/l chloramphenicol at 26
• C until initial germination was detected microscop-
ically. This required 6 h for E. floccosum and M. canis and 12 h for T. rubrum and T. mentagrophytes. After germination had started, conidia were cleaned from the nutrient broth by three cycles of centrifugation for 5 min at 2500 rpm (Megafuge 1.0, Heraeus, Hanau, Germany) and washing with 10 mM sodium phosphate buffer (Merck, Darmstadt, Germany). Washed germinating conidia were resuspended in phosphate buffer, and their concentration was calculated from counts in a hemocytometer (Neubauer improved counting chamber). The suspension was appropriately diluted with phosphate buffer until a final concentration of 10 5 conidia/ml phosphate buffer was confirmed by direct counting. These suspensions were used as inocula for the following inhibition assays. Portions of the suspensions of germinating conidia (50 μl/well) were transferred to the wells of 96-well microtiter-plates (Sarstedt, Nümbrecht, Germany). Then either 50 μl of R-DHF, S-DHF, or F-ol in 0.1% aqueous solution of Tween 20 (Sigma Aldrich GmbH, Steinheim, Germany) was added to the well. For control assays, 50 μl of only 0.1% Tween, or only phosphate buffer or 200 μg/ml fluconazole (Fragon Produtos para Indústria de Borracha, Guarulhos, Spain) in phosphate buffer were used. Once the wells were filled, the light extinctions (related to turbidity caused by mycelial density) of the separate wells were measured photometrically at a wavelength of 620 nm (E 620 nm , photometer Tecan sunrise, Tecan Group Ltd, Männedorf, Switzerland), and then checked microscopically to exclude any contaminations. To complete the well filling, 100 μl Sabouraud's broth or 100 μl phosphate buffer for controls was added. In these wells three different concentrations of R-DHF, S-DHF and F-ol were tested (12.5, 25 and 50 μg/ml), with the final fluconazole concentration (50 μg/ml) in the control wells. The completely filled microtiter plates were then incubated at 20
• C, and the extinctions of the wells were measured photometrically after 20, 26, 32, 38, 44, 50 and 62 h. At the end of the experiment the contents of the wells were inoculated onto agar media to exclude bacterial contamination. All experiments were carried out in duplicate. The resulting data were statistically evaluated according to instructions and with computerized support supplied by the Institute of Medical Informatics and Statistics of the University Medical Center Schleswig Holstein, Campus Kiel, using IBM SPSS statistics software (IBM Corp., New York, USA). After a descriptive pilot analysis revealed that within the four distinct species of dermatophytes the results showed no relevant differences for the separate strains, data were pooled for each species for further statistics. A bifactorial analysis of variance was done (factors: time and tested substance (R-DHF, S-DHF, F-ol, n = 24 and 26, and fluconazole and nutrient broth, n = 76 and 78). In addition, the differences between the effects elicited by distinct agents at certain points of time were assessed by unifactorial analyses of variance and paired comparisons (n = 24 and 26, respectively). Due to the explorative approach of our assays no adjustment of P-values was made. A P value ≤ 0.5 was considered statistically significant.
Results
Screening for volatile compounds released by C. albicans interfering with dermatophyte growth
In screening experiments with cultures of six distinct strains of C. albicans in the bottom plate and conidia of T. terrestre in the lid of a sealed Petri dish, 20-30% of the conidia showed initial or marked germination after 24 h. In comparison, in control dishes in which the bottom plate was not inoculated with C. albicans, about 90% of the conidia developed initial or marked germination after 24 h. The percentages of germinating conidia were slightly different for the distinct strains of C. albicans tested and also for the other species of dermatophytes used (1 strain each of T. rubrum, T. mentagrophytes and M. gypseum) but, in general, all effects were similar for all fungi. Since these screening experiments were only carried out to generally check whether the exposure to C. albicans cultures had any effect on the germination of dermatophyte conidia, no attempts were made to quantify these effects or to exactly compare them for the different fungal strains and species used in this experimental investigation.
Instead, in order to determine a suitable Candida-agar for further tests, additional pilot experiments were performed with T. terrestre on SGA in the lid of the Petri dish and C. albicans was grown on various agars media in the bottom plates. After 24 h, the percentages of conidia without germination were uniformly in the range of 70% when SGA, Wort-agar, peptone-agar or potato-glucose agar was used for the growth of C. albicans in the bottom of the Petri plates. This clearly indicates that there were no major differences among the different media with regard to their capacity to stimulate the release of inhibitory factors by C. albicans.
Subsequent tests were carried out with combined cultures of C. albicans and dermatophytes, both on SGA, with and without placing a flat open bowl containing activated carbon into the sealed Petri dishes. These experiments were carried out with T. terrestre to determine whether the activated carbon could adsorb any growth-inhibitory factors from the air space in the Petri dish. After 24 h, the percentage of ungerminated conidia was in the range of 70% in Petri dishes without activated carbon but was reduced to approximately 5% in Petri dishes containing activated carbon.
As a result of these pilot experiments we found that C. albicans grown on SGA (and on other nutrients) releases volatile compounds that inhibit growth of dermatophytes. No such inhibition was detected in control cultures without Candida and in culture systems with activated carbon adsorbing chemicals from the air space of the cultures. Therefore, we concluded that the inhibiting agents were released by C. albicans into the atmosphere.
Because the test systems we applied for these screening assays did not allow quantitative measurements, chemical analysis of inhibitory factors was performed as a next step. The objectives of the latter studies was to first, the identification and synthesis of the inhibiting volatiles and secondly, bioassays with pure, synthetic compounds.
Analysis of volatile factors released by C. albicans
As shown in Figure 1 , eight volatile compounds were identified in the head space of C. albicans the peaks of which are marked by numbers in Figure 1 . Main components were 6E-2,3-dihydrofarnesol (6) and (2E,6E)-farnesol (8), whereas (E)-β-farnesene (3), (E)-nerolidol (5) and (2Z,6E)-or (2E,6Z)-farnesol (7) were found to be minor components. In fact, peak 7 may represent two stereoisomers of farnesol, but unambiguous assignment was impossible because of overlapping at the backside of peak 6. Enantioselective gas chromatography, using the modified cyclodextrin hydrodex-β-TBDM as the stationary phase, proved to be suitable for the separation of the 6E-2,3-dihydrofarneseol enantiomers. Under the applied conditions, the (S)-enantiomer eluted after the (R)-enantiomer, the two compounds being separated by a factor of α = rt S-DHF: rt R-DHF = 1.01. Comparison of retention times (GC/MS) of the synthetic products with that of the natural volatile revealed C. albicans to release stereochemically pure (3R,6E)-2,3-dihydrofarnesol.
Synthesis of 2,3-dihydrofarnesol enantiomers
After having gained some experience, the hydrogenation reaction proceeded well, furnishing chemically pure compounds in yields between 96 and 98%. Enantioselective GC/MS showed the products to be 98-99% enantiomerically pure.
Inhibition assays with 2,3-dihydrofarnesol enantiomers
In the tested dermatophyte species, results were quite similar for the distinct strains, allowing pooled analyses for each species. In summary, R-DHF, S-DHF and F-ol showed significant and concentration-dependent inhibitory effects on Table 1 . Arithmetic means of extinction with confidence intervals measured for Trichophyton rubrum in pure nutrient broth and with addition of R-DHF, S-DHF and F-ol (each substance in concentrations of 12.5, 25 and 50 μg/ml) and fluconazole (50 μg/ml) at 0-62 h in comparison to pure nutrient broth. n = 24-26 for S-DHF, R-DHF and F-ol, n = 74-78 for fluconazole and pure nutrient broth.
* * indicates P = 0.01 for differences between extinction in broth containing agent and pure broth (control). the growth of T. rubrum, T. mentagrophytes, M. canis and E. floccosum. In general, it can be stated that for most of the species and points of time S-DHF and F-ol had stronger inhibitory effects than R-DHF. Overall, E. floccosum was the most susceptible, followed by T. mentagrophytes, T. rubrum and M. canis in decreasing order. Table 1 shows the results in detail for the tested dermatophyte species, agents and concentrations. For example, growth of E. floccosum was at almost all points of time virtually completely suppressed by 12.5 μg/ml of both dihydrofarnesol enantiomers, similar to the inhibition by 50 μg/ml of fluconazole, whereas M. canis was markedly less susceptible especially to R-DHF. However, even upon M. canis 12.5 μg/ml of S-DHF had a stronger effect than 50 μg/ml of fluconazole within the total period of incubation.
Since T. rubrum is the most common dermatophyte in Germany, it was selected to demonstrate inhibition obtained with distinct compounds (Fig. 2) . The effects of R-DHF, S-DHF and F-ol, applied in the mid-level concentration (25 μg/ml), and of 50 μg/ml fluconazole are Table 2 . Arithmetic means of extinction with confidence intervals measured for Trichophyton mentagrophytes in pure nutrient broth and with addition of R-DHF, S-DHF and F-ol (each substance in concentrations of 12.5, 25 and 50 μg/ml) and fluconazole (50 μg/ml) at 0-62 h in comparison to pure nutrient broth. n = 24-26 for S-DHF, R-DHF and F-ol, n = 74-78 for fluconazole and pure nutrient broth. * * indicates P < 0.01 for differences between extinction in broth containing agent and pure broth (control). quantified by the different extinctions at the distinct points of time. The value of extinction increases with growing mycelial density and, therefore, allows assessing fungal growth. It is obvious from Figure 2 that in particular, S-DHF, and F-ol had marked inhibitory effects on T. rubrum and that S-DHF was more active than fluconazole. Similar dose-response relations were found for the other dermatophyte species the quantified results of which are presented in Tables 1-4. All species were clearly inhibited by all agents as compared to their growth in pure nutrient broth (Tables 1-4) . T. rubrum was inhibited by S-DHF and F-ol more strongly than by fluconazole, whereas R-DHF showed a lesser (but still significant) effect. For T. mentagrophytes S-DHF was the most active inhibitor next to fluconazole, whereas F-ol and S-DHF were both more active on M. canis than fluconazole. E. floccosum was strongly inhibited by all agents, with similar effects of R-DHF and S-DHF as compared to fluconazole and a slightly lesser effect of F-ol. Because of the different growth rates of the distinct dermatophyte species in pure nutrient broth, comparisons of their extinctions at a certain point of time are not helpful to assess interspecies differences of susceptibilities to the various agents. However, from the data presented above it follows that in general S-DHF is a more active inhibitor than R-DHF and that E. floccosum is the most susceptible species.
Discussion
Our data show that C. albicans, grown under appropriate conditions, releases (2E,6E)-farnesol and (3R,6E)-2,3-dihydrofarnesol, which act, in vitro, as strong growth inhibitors on dermatophytes. To the best of our knowledge, 2,3-dihydrofarnesol has not been previously described as a volatile produced by microorganisms and its inhibitory effect on dermatophyte development is new to science. Both of its enantiomers proved to be biologically active, and the non-natural (3S,6E)-2,3-dihydrofarnesol (S-DHF) was found particularly inhibiting in some of our bioassays. However, we did not detect this stereoisomer among the volatiles of C. albicans.
Farnesol is one of the most common sesquiterpenes in nature. This alcohol is also produced by C. albicans and has a diversity of effects on this fungus [9] [10] [11] [12] [13] [14] [15] . It acts as a quorum-sensing compound playing a role in the intercellular communication of this yeast [9, 11, 14, 15] . Table 3 . Arithmetic means of extinction with confidence intervals measured for Microsporum canis in pure nutrient broth and with addition of R-DHF, S-DHF and F-ol (each substance in concentrations of 12.5, 25 and 50 μg/ml) and fluconazole (50 μg/ml) at 0-62 h in comparison to pure nutrient broth. n = 24-26 for S-DHF, R-DHF and F-ol, n = 74-78 for fluconazole and pure nutrient broth.
* * indicates P < 0.01 for differences between extinction in broth containing agent and pure broth (control). Table 4 . Arithmetic means of extinction with confidence intervals measured for Epidermophyton floccosum in pure nutrient broth and with addition of R-DHF, S-DHF and F-ol (each substance in concentrations of 12.5, 25 and 50 μg/ml) and fluconazole (50 μg/ml) at 0-62 h in comparison to pure nutrient broth. n = 24-26 for S-DHF, R-DHF and F-ol, n = 74-78 for fluconazole and pure nutrient broth. * * indicates P < 0.01 for differences between extinction in broth containing agent and pure broth (control). Furthermore, farnesol per se has antimicrobial effects [16] [17] [18] [19] [20] [21] [22] and can reduce the minimum inhibitory concentrations of some antifungals [23, 24] .
2,3-Dihydrofarnesol is relatively widespread in plants, especially as a volatile generated by flowers [25] [26] [27] . It has also been identified in the secretion of the temporal gland of African elephants [28] , in ants [29, 30] , in stingless social bees [31] , and in several bumble bee species [4, [32] [33] [34] . While 2,3-dihydrofarnesol used as marking pheromone of male bumble bees constantly shows (3S)-configuration [5, 34] enantiomeric compositions of 2,3-dihydrofarnesol from other sources have not been determined.
Little is known about effects of 2,3-dihydrofarnesol on microorganisms. A patent kept by Takasago Intern. Corp. describes some antimicrobial properties of the (3S,6E)-enantiomer, but experimental details and results were not provided [35] . While we could not detect this stereoisomer in C. albicans, its inhibiting activities against dermatophytes are not too surprising as there are other examples showing that the enantiomer of a certain natural product may show similar biological activities. Cases are known that among four possible stereoisomers the naturally occurring compound is the least active one [36, 37] .
In the chemical ecology of C. albicans farnesol acts as an intraspecific semiochemical in the context of quorum sensing (see above). Similar to farnesol its 2,3-dihydroderivative may as well play such a role. In addition, both compounds could be associated with defense and struggle for space during competition with dermatophytes in tinea lesions colonized by C. albicans. However, we have no data yet to substantiate the relevance of such activities in vivo. The question whether the development of tinea lesions can be influenced by the presence of C. albicans is exciting but cannot be answered based on solid data currently available. Since dermatophytes and C. albicans can occur within the same skin areas, interference may happen. Our findings now give new reason to turn more attention to this clinically relevant aspect. The search for mutual interfungal communication based on pure acyclic sesquiterpenes and on mixtures, possibly accounting for synergistic effects, will be an exciting field for further investigations.
